Ultrasonic S 0 waves (fundamental symmetric Lamb modes) are being considered in several laboratories for the nondestructive characterization of the texture (preferred grain orientation) and formability of metal sheets and plates. In a typical experimental setup, the velocities of the S 0 waves are measured as a function of wave propagation angle with respect to the rolling direction of the plate. However, the S 0 waves are known to be dispersive, and that dispersion must be considered in order to isolate the small, texture-induced shifts in the S 0 wave velocity. Currently, there are two approximate dispersion correction methods, one proposed by Thompson et al. 9 and the other introduced by Hirao and Fukuoka. 20 In this paper, these two methods will be evaluated using an exact theory for wave propagation in orthotropic plates. Through the evaluation, the limits of the current texture measurement techniques are established. It is found that when plate thickness to wavelength ratio is less than 0.15, both Thompson's and Hirao's methods work satisfactorily. When the thickness to wavelength ratio exceeds 0.3, neither Thompson's nor Hirao's dispersion correction method provides adequate corrections for the current texture measurement techniques. Within the range of 0.15-0.3, Thompson's method is recommended for weakly anisotropic sheets and plates and Hirao's method may be more appropriate for some strongly anisotropic cases. 
INTRODUCTION
Texture is the nonrandom orientation of crystallites in a polycrystalline aggregate, often induced by manufacturing processes such as rolling and drawing. The texture is characterized by a set of dimensionless parameters Wlmn, called orientation distribution coefficients (ODCs). These coefficients, whose detailed definitions can be found in Refs. 1 and 2, specify the relative weights of generalized spherical harmonics in a series representation of the orientation distribution function (the probability that a grain has a particular orientation). Knowledge of texture information is particularly important in making formability predictions, i.e., predictions of the ability of a sheet to be converted to a complex shape by a deep drawing operation. For materials made of cubic crystallites, such as A1 (fcc), Cu (fcc), and Fe (bcc), the most important ODCs in formability analysis are W4oo, W42o, and W44o. Physically, W42o and W44o relate to the tendency of a metal sheet to form two and four ears, respectively, upon deep drawing. Here W4oo relates to overall capacity to withstand deep drawing. 3 Typical values of these ODCs are on the other of 10-3.
Traditionally, these ODCs are obtained through x-ray or neutron diffraction techniques. In recent years, however, it has been shown that ultrasonic waves can be utilized to provide a nondestructive estimation of the texture of cubic polycrystals. 4-9 The texture generally induces a weak elastic anisotropy that can be sensed by measurements of the velocity of waves propagating in different directions. When the sample is in the form of a sheet or plate, the observations can be easily interpreted in terms of the theory of guided modes. In contrast to the neutron or x-ray diffraction techniques, the ultrasonic techniques cannot obtain sufficient information to fully characterize the texture. However, they do provide information about W4oo, W42o, and W44o, the ODCs most important in formability analysis.
Because of the richness of information that they can obtain, the x-ray and neutron diffraction techniques are generally preferred for laboratory studies of such phenomena as the evolution of texture during deformation of a material. However, there is also a need for simple nondestructive measurement techniques for field applications. The functions needed include both obtaining feedback information for process control by the primary manufacturers of the sheet and inspecting incoming material for quality control by the component fabricator. Here the neutron techniques are impractical because of the absence of portable sources of sufficient intensity. The x-ray techniques are being employed. •ø'• However, they are rather expensive and introduce safety questions associated with the presence of radiation. Hence ultrasonic techniques have received considerable attention as an alternative technology for field monitoring of the rex- [12] [13] [14] [15] [16] [17] [18] ture in metal sheet in the last five years.
The ultrasonic techniques have utilized electromagnetic-acoustic transducers (EMATs)•9 to excite Lamb waves
propagating in the plane of the sheet with no need for a couplant. Since only three constants (W4oo, W42o, and W44o ) typically those of So modes propagating at 0 ø, 45 ø, and 90 ø with respect to the metal sheet. To minimize both the effects of dispersion on the velocity and the sensitivity of the measurement to the distance between the EMATs and the plate, the wavelength is generally chosen to be somewhat greater than the plate thickness. Nevertheless, because the textureinduced velocity shifts are small, the experimental data must be corrected for the dispersion if accurate predictions of the ODCs are to be made. The theory for wave propagation in anisotropic media is well known. However, since the anisotropy is unknown at the time of measurement, use of the full theory in interpreting data is cumbersome. Because of this fact, and the smallness of the dispersion at long wavelengths, the correction is generally made on the basis of an isotropic theory. The purpose of this paper is to examine the adequacy of the currently used approximate correction techniques with the exact theory being utilized to generate simulated data.
There are two aspects of the influence of dispersion of the So waves on the velocity measurements. First, both the phase velocity and the group velocity are frequency dependent. Two dispersion correction methods have been proposed by Thompson et al. 9 and Hirao and Fukuoka 2ø to remove the frequency dependence. In this paper, these two dispersion correction methods will be evaluated assuming perfect measurements of phase velocity. Another aspect of dispersion is the pulse distortion phenomenon; i.e., a pulse of a dispersive wave changes its shape and spreads out as it propagates. In Part II of this paper we discuss the influence of the pulse distortion on the accuracy of phase velocity measurements.
Several years ago, Thompson et al. • and Lee et al. •
developed a theory that relates the aforementioned ODCs of textured sheets to the So wave speeds in three different directions (0 ø, 45 ø, and 90 ø) with respect to the rolling direction. This theory assumes the ratio of sheet thickness to wavelength to be small. In this limit, the velocity of the So wave in a specific propagation direction asymptotically approaches a constant value, Vlim, and dispersion can be ignored. Upon comparison of experimental predictions of the ODCs based on this theory with the results from independent x-ray or neutron diffraction techniques, satisfactory agreement was found for W420 and W440, but not for W400. In those measurements, the ratio of thickness to wavelength was about 0.1. Recently, Thompson et al. 9 modified the theory and included dispersion correction in the calculation of the ODCs. In the modified theory, the dispersion correction is made on the basis of dispersion curves of the So waves in the corresponding isotropic materials. It is assumed that the ratio rp/Vli m is not altered significantly by the presence of texture (weak anisotropy), where Vp is the ultrasonic phase velocity measured at a specific frequency and Vii m is the long wavelength limit of the So wave phase velocity. Hirao and Fukuoka :ø have proposed another method, which takes dispersion effects into account by making a Taylor series expansion of the dispersion curves of the So mode propagating in weakly orthotropic media. In the expansion, only the firstorder dispersion effects are retained.
The basis of our evaluation of the approximate dispersion correction methods is the exact theoretical equations recently developed for wave propagation in plates with orthotropic symmetry.
•3-26 The equations that express the dependence of wave propagation velocity upon texture parameters are very complex and a simple technique has not been developed to compute the ODCs from given wave velocities on the basis of these exact equations. These equations, however, can serve as an exact reference solution. In this paper, we will use the exact solution for the So wave propagation in orthotropic plates to simulate experimental data and then use those data to test the accuracy of the two approximate dispersion correction methods. One semantic difficulty should be resolved before proceeding. In the metallurgical community, the terms "sheet" and "plate" have connotations of different thicknesses, with the former appropriate to thicknesses on the order of a millimeter to which the ultrasonic approach has been most extensively applied. In the ultrasonic literature, the term "plate" is generally used to describe a solid medium having parallel surfaces, independent of thickness. In the remainder of this paper, the latter convention will be employed. However, in considering metallurgical applications, the "sheets" should be understood to be included. Although the dispersion relations given by Eqs. ( 1 ) and (2) can be used to compute ultrasonic wave speeds from given texture parameters, the inverse problem cannot be solved analytically. Therefore, the community 13-18 has developed approximate procedures to obtain texture parameters from experimental data. In the following section, we will use the exact dispersion relations to evaluate the accuracy of the two dispersion correction methods 9,2ø currently known to the authors. 
I. GENERAL THEORY FOR WAVE

II. APPROXIMATE THEORIES FOR DISPERSION
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To first order in anisotropy, the velocity is then given by 9
To express the velocity in terms of ODCs [using Eqs. (3) and ( Since no plate is infinitesimally thick, wave propagation in a plate is always dispersive. Although this effect is small for thin plates, so is the effect of texture. Thus the experimental data must be corrected for dispersion if quantitative values of the texture parameters are to be obtained.
The So waves used in texture studies are generally weakly dispersive, with a typical measurement frequency of 500 KHz and plate thickness of a few millimeters. In order to reduce the error introduced by the dispersion, Thompson et al. 9 suggested a simple dispersion correction approach. Starting from the measured phase velocity Vp, the data were corrected to estimate the long wavelength limit of that velocity, V•im, by assuming the ratio Vp/Vii m to be the same in the weakly anisotropic plate as it would be in an isotropic plate of the same thickness. The corrected velocities (long wavelength limits) were then used in Eq. (7) Since Eq. (9) was derived via a Taylor expansion in wave vector, it is expected to be valid (or provide good approximation) for small kb. This is confirmed by comparing Eqs. (7) ever, Eqs. (7)- (10) 
III. EVALUATION OF DISPERSION CORRECTION
SCHEMES
To evaluate the performance of the dispersion correction schemes mentioned above, we calculated the So wave speeds for four selected groups of ODCs as a function of plate thickness to wavelength ratio using the exact dispersion relations presented in Sec. I. These speeds were then used as input to the dispersion correction schemes to obtain estimates of the ODCs. The first step can be considered as a forward problem while the second step is an inverse prob- Table II . For all the simulation runs, the Hill averaging method was employed because it is known to be more accurate than either the Voigt or Reuss averaging method, which, respectively, provide upper or lower bounds to the isotropic moduli. The isotropic and anisotropic elastic constants and Poisson ratios for the polycrystalline materials are listed in Table III Table IV . In addition to the four curves representing the predictions from Thompson's and Hirao's schemes described in the previous section, there are three horizontal straight lines in each figure, identifying the value of the ODCs assumed in the forward calculations and the target error bounds (to be discussed shortly). To see how dispersion correction schemes influence the prediction of ODCs, the results calculated directly from Eq. (7) (7) and (9) shows that in Hirao's-A scheme, dispersion correction plays no role in the prediction of W4•o; therefore, the responses for W•o using Eqs. (7) and (9) Table V that (7), and (9). These errors, however, are, in general, tolerable, as they are well within the target error bounds. These errors are given in Table VI 
